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ABSTRACT 
 
The extensive set of measurements performed during the Chesapeake Lighthouse and Aircraft Measurements for 
Satellites (CLAMS) experiment provides a unique opportunity to evaluate aerosol retrievals over the ocean from 
multiangle, multispectral photometric and polarimetric remote sensing observations by the airborne Research Scanning 
Polarimeter (RSP) instrument. Previous studies have shown the feasibility of retrieving particle size distributions and 
real refractive indices from such observations for visible wavelengths without prior knowledge of the ocean color. This 
work evaluates the fidelity of the aerosol retrievals using RSP measurements during the CLAMS experiment against 
aerosol properties derived from in-situ measurements, sky radiance observations and sunphotometer measurements, 
and further extends the scope of the RSP retrievals by using a priori information about the ocean color to constrain the 
aerosol absorption. Satisfying agreement is found for all aerosol products. 
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1. INTRODUCTION 

 
Aerosols can change the radiative budget of the atmosphere by scattering or absorbing sunlight (“direct climate 
forcing”) and by modifying the formation and life-cycle of clouds (“indirect climate forcing”). To evaluate the 
magnitude of these climate forcings requires accurate retrievals of the particle size, complex refractive index, and 
number density of aerosols1. In a recent article2 we explored the estimation of aerosol properties from visible polarized 
reflectances obtained over the ocean by the Research Scanning Polarimeter (RSP) instrument3, an airborne remote 
sensor that is functionally similar to the Earth Observing Scanning Polarimeter (EOSP) instrument4. We demonstrated 
that the polarized reflectance near the backscattering direction is essentially insensitive to light emerging from the 
ocean body which enabled us to separate the ocean color from aerosol scattering contributions in the remote sensing of 
visible (VIS) radiances. We then applied this observation to constrain the effective radius re and effective variance ve 
of the fine-mode aerosol component as well as the real refractive index Re[mf] of this aerosol. In this paper, we extend 
our analysis to include an evaluation of how well the aerosol single scattering albedo ϖf of fine-mode aerosols can be 
estimated from RSP measurements over the ocean. 
 The rationale for our approach is based on using the aerosol estimates from polarized reflectance 
measurements in the VIS to fit the corresponding total reflectance measurements. Hence the assumption made here is 
that latter reflectance is much more sensitive to ϖf than the former reflectance, the validity of which can be checked 
beforehand from the estimates of re, ve and of Re[mf]. Over the ocean, one has to account further for the contribution 
of waterleaving radiances to the total reflectance. To correct for this contribution, we propose using the total 
reflectance spectral and angular measuring capabilities of the RSP instrument to simultaneously constrain ϖf and the 
ocean color. Away from coastal regions, one can parameterize this color in terms of the concentration [Chl] of 
chlorophyll a which is a photosynthetic pigment found in phytoplankton5. The retrieval over open oceans of ϖf from 
total reflectance measurements will therefore depend on the value assumed for [Chl], and the correct value of [Chl] 
should yield a smooth variation of the aerosol absorption coefficient, kabs, in the VIS. The situation is more 
complicated for coastal regions, where the discharge and resuspension of sediments and colored dissolved organic 
matter from freshwater runoff can cause significant changes in the ocean color6. Here, one may use instead reflectance 
measurements of the upwelling radiance just above the ocean surface and/or measurements of the underwater light 
scattering properties to constrain the ocean color. 
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 We use for the analyses in this paper data obtained from the Chesapeake Lighthouse and Aircraft 
Measurements for Satellites (CLAMS) experiment, which took place during the period of July 10 to August 2, 2001. 
The CLAMS experiment was a short-wave radiative closure experiment that involved measurements obtained from six 
research aircraft, several land sites, and an ocean platform. Its goal was to validate and improve atmospheric and 
oceanic products retrieved from observations onboard the spacecraft Terra by the Clouds and Earth’s Radiant Energy 
System (CERES) instrument, the Multi-angle Imaging Spectro-Radiometer (MISR) instrument, and the MODerate 
Resolution Imaging Spectroradiometer (MODIS) instrument. The majority of the measurements were centered close to 
the Chesapeake Lighthouse research platform, which is located 25 km east of Virginia Beach and which functions as 
the CERES Ocean Validation Experiment (COVE) site where radiation, meteorology, and ocean optics are monitored 
continuously. One component of the CLAMS’ field campaign consisted of operating the RSP instrument onboard a 
Cessna 210 aircraft to measure Stokes parameters I, Q, and U of the upwelling radiation as a function of wavelength 
and viewing angle. Other components of the CLAMS experiment that are of interest to the present analyses are the 
aerosol and skylight measurements by instruments onboard the University of Washington Convair-580 research 
aircraft7, the ocean optics measurements performed from the COVE ocean platform8, and the skylight measurements 
made by the AERosol Robotic NETwork (AERONET)9. The CLAMS experiment is therefore ideally suited to study 
the retrieval of aerosol scattering and absorption properties from RSP observations over oceans. 
 

 
2. POLARIZATION OF THE EARTH’S REFLECTANCE OVER OCEANS 

 
2.1 Sensitivity to aerosols 
The linear polarization of light observed over the ocean from an aircraft or spacecraft contains a wealth of information 
that is not readily available from total radiance data. Light, in its most general form, can be described as the sum of an 
unpolarized component and a fully polarized component. Linearly polarized light makes up most of the latter 
component (with typically only a very tiny fraction of circular polarized light), and originates in atmosphere-ocean 
systems predominantly from particle scattering in the atmosphere and ocean and from skylight reflection by the ocean 
surface. Both the total and polarized radiance exhibit features as a function of scattering angle and wavelength that can 
be used to extract information about the atmosphere and the ocean. However, the polarized radiance features are 
generally much sharper, more numerous, and show larger variations than total radiance features because of their large 
sensitivity to particle properties and weak sensitivity to multiple scattering. Another advantage of including 
polarization in the remote sensing of the atmosphere and the ocean is that the degree of polarization (ratio of polarized 
radiance to total radiance) is independent of instrumental calibration, i.e., the uncertainty in this polarization ratio is 
much smaller than the one for radiance measurements. 
 Hansen and Travis10 give numerous results for the polarization of light scattered by planetary atmospheres. 
Figure 1 provides additional results relevant to the topic of this paper. Let F(Θ) be the matrix that describes scattering 
of light by a small volume element of the atmosphere containing randomly oriented particles. The first row in Fig. 1 
shows then the scattering function F11(Θ) (panel a) and the degree of linear polarization –F21(Θ)/F11(Θ) (panel b) for 
various non-absorbing, spherical fine-mode particles. The effective radius re of the particle size distribution is either 
0.15 or 0.30 µm, and we vary the refractive index Re[mf] from 1.35 to 1.55 for each re. The effective variance ve of the 
particle size distribution remains fixed at 0.1, and the wavelength λ of light is 550 nm. Note further that ϖf = 1. Of 
interest are the following observations. First, both the scattering function and degree of linear polarization are sensitive 
to variations in re for given Re[mf], but the change in degree of linear polarization involves new angular features and 
even reversal of signs. Secondly, changing Re[mf] affects both the scattering function and degree of linear polarization 
for re = 0.3 µm, but this sensitivity becomes small for the scattering function if re approaches 0.15 µm. Finally, the 
scattering function is much more sensitive to re than to Re[mf] for scattering angles close to 0°. The polarization of 
light scattered in the backward and forward direction by a small volume element of the atmosphere is on the other 
hand zero for all re and Re[mf], i.e., polarization observed for these angles must be scattered more than once. 
 Panels c and d of Fig. 1 show the same results as panels a and b except for keeping Re[mf] fixed at 1.45 and 
changing ϖf. Deviations of ϖf from unity in the visible part of the spectrum are usually considered to be caused by the 
presence in aerosol mixtures of strongly absorbing soot impurities. Such impurities can exist either outside or inside 
non-absorbing particles, the latter of which is the case for soot particles scavenged by liquid droplets. In what follows, 
we adopt non-zero values for the imaginary part of the fine-mode particle refractive index Im[mf] to simulate changes 
in ϖf. Hence, the assumption here is that the absorbing and non-absorbing aerosol components are internally mixed. 
The values chosen for Im[mf] are 0.00, 0.01, and 0.02, which leads to ϖf = 1.0, 0.94, and 0.88 for re = 0.15 µm and to 
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Fig. 1.  Scattering functions (left column) and degrees of linear polarization (right column) for various fine-mode aerosol particles 
(first and second rows) and for mixtures of detritus and plankton particles (third row). The light dashed lines in the third row are for 
[Chl] = 0.03, 0.1, 0.3, 1.0, and 3.0 mg/m–3. The dark dashed line in this row corresponds to the mixture used for the analyses of RSP 
data in Sec. 5, and coincides with [Chl] = 0.1 mg/m–3.  
 
1.0, 0.95, and 0.90 for re = 0.3 µm, respectively. The results in the second row of Fig. 1 show that the sensitivity of 
scattering function and degree of linear polarization to 0.00 ≤ Im[mf] ≤ 0.02 is small to negligible. Most of the 
variation of the Earth’s reflectance with ϖf must therefore originate from multiple scattering events. Hansen and 
Travis10 demonstrate further that the polarized reflectance of a planetary atmosphere is much less susceptible to 
multiply scattered light than the corresponding total reflectance. This observation, combined with the results shown in 
Fig. 1, constitutes the basis for our rationale of using the Earth’s polarized reflectance to retrieve re, ve, and Re[mf] and 
of subsequently using the Earth’s total reflectance to constrain ϖf. 
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